United States Patent [19] [ii] Patent Number: 4,794,545 

Salvado [45] Date of Patent: Dec. 27, 1988 



[54] NONDESTRUCTIVE MEASUREMENT OF 
FRACTIONS OF PHASES IN MIXTURES 
AND COMPOSITE MATERIALS 

[75] Inventor: Carlos A, Salvado, Carlsbad, Calif. 

[73] Assignee: The Expert System Technologies, 
Inc., San Diego, Calif. 

[21] Appl. No.: 930422 

[22] Filed: Nov. 12, 1986 

[51] IntCM- G06F 15/4*; G06F 15/20 

[52] US. a 364/497; 73/577; 

73/599; 364/507 

[58] Field of Search 73/570, 577, 599, 628. 

73/597, 622, 644; 364/473, 497, 499, 507, 571 

[56] References Cited 

U.S. PATENT DOCUMENTS 



3,019,637 2/1962 Cook „ - 73/628 

4,165,649 8/1979 Greer, Jr 364/507 

4,259,868 4/1981 Rao ..... „. 73/597 

4,462,082 7/1984 ThieleetaL 364/507 

4,479,387 10/1984 Wagner „. 73/622 

4,494,408 1/1985 DeLacy « ...... 73/599 

4,494,410 1/1985 Van Bochove ... 73/644 



4,499,770 2/1985 Kriz 73/599 

4,689,996 9/1987 Huschelrath 73/644 

OTHER PUBLICATIONS 

ASTM Standard C613-67 "Resin Content of Carbon 
and Graphite Prcpregs by Solvent Extraction" (1985). 

Primary Examiner— V. S. Lall 

Assistant Examiner — Kevin J. Teska 

Attorney, Agent, or Firm — Gregory O. Garmong 

[57] ABSTRACT 

The weight fractions of the phases of a composite mate- 
rial working specimen are determined nondestructivcly 
by first performing a sufficient number of nondestruc- 
tive and destructive calibration measurements on the 
properties of calibration specimens. The information 
learned from the calibration specimens is used in combi- 
nation with nondestructive measurements of the work- 
ing specimen to determine the fractions of the phases 
therein, without damaging the working specimen. In 
one version of this approach, ultrasonic measurements 
are used to determine fractions of the fiber and matrix in 
a nonmetallic composite material. 

17 Claims, 1 Drawing Sheet 
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The measurement of the weight fractions of the pha- 

NONDESTRUCITVE MEASUREMENT OF ses in the final composite material is not easy to per- 

FRACnONS OF PHASES IN MIXTURES AND form, because portions of the phases are buried inside 
COMPOSITE MATERIALS the composite material and are not readily visible to the 

5 naked eye nor measurable by external instruments. The 
BACKGROUND OF THE INVENTION most common approach to the measurement of the 

This invention relates to testing techniques for mi*- &*»tais <* ^ phases during manufacturing is to sec- 
tores and composite materials, and, more specifically, to hon random ^P 1 " of ±c matenal *> that the "ternal 
a process for measuring nondestructively the fractions ,„ ^ ct ^ °m be inspected and the volume fraction 
of the phases of working specimens. 10 detennmed < whlch then can be converted to a weight 

Many of the materials used in modern technology, fra°on,>f desired), or to remove the matrix phase and 
particularly those use for their structural properties, are * e am0UI ? t °/ fib ? [enforcement phase to 

mixtures of several phases which generally Sain their a J™* 0 * .^^J"*? ™> be , 

inherent character within the mixture. One important „ * a ?° lum ? rf d ? ueA - 

class of such mixtures is composite materials, wherein at 15 of f""*? °J ° f ^ of , the 
least two distinct phases are bonded together to form a m ?*7 d ^ Ac of "^P^ matenal it- 

single material. In a typical structural composite mate- j"* fa other *e specimen that is investigated is 
rial used in aerospace applications, oriented, high- ^™ yed °* nnot he reused. A destructive testing 
strength, low ductility grapWte, carbon, Kevlar or glass „ "J&f """^ ^ qmreS 8 ?° s ' ex Pf» d '^ 

reinforcement fibers are embedded in a resin matrix 20 ofabo^SWtoSlSOperspecmienexammed. wbchcost 
which binds and protects the fibers. The properties of S^J? P™*" ° f •P^f BH f ? ited and * e 
the resulting composite material reflect the high ^^J^T^T^^^ 7 ^^ 
strength and elastic properties of the reinforcement iL^^TSJ^Tf T 

fibers! yet the compete material is formable and usable 2J 8 P ^ ^ UP0 " 

ma variety of applications Service determinations of weight or volume fraction 

One of the most important parameters ^characterizing ^ even more dfflci ^ since me ^ 0 m P osite material is 
such a compete matenal is the we.ght (or eqmva- ^ mtQ a structure ^ ^ 

lently, the volume) fract.ons of the phases. That is, such done / or Mve± The com ite materia] wU1 ^ 
a composite matenal can be described as containing a x ^ been subjected to vario ^ hanges durin its ^ 
parbcular weight fraction of a first phase, another par- ^ which my influence £ pr operties. erne 

bcukr weight fraction of a second phase, and so forth, „, |tenfore the com p 0 H site F material in 

so that the weight fractions of all the phases total 1.0. has hase ^ phase ^openies within 

The greater the amount of a particular phase present in acceptable limits, simply because the original material 
file composite matenal, the greater is its influence on 35 was acceptable. As an example, many resin matrix mate- 
the overall or total composite material properties. riak absorb moisture during service, changing the effec- 

For many properties such as elastic modulus, the total ti ve phase weight fractions of the matrix ^ the flberS) 
composite property is the linear sum of the same prop- ^th respect to the weight of ^ composite, and the 
erty for each phase tones the volume fraction of that physical properties of the matrix. Because of this possi- 
phase present, summed ^ver all of the phases making up « bility, it is necessary to determine the phase fractions 
the composite material. This relationship is called the and sometimes the properties during service, to be cer- 
rule of mixtures, and is obeyed exactly for some proper- tain that ^ composite material properties remain 
ties and nearly exactly for many other properties. In any within the design limits. 

event, the functional relationship between the proper- Various types of measurement techniques have been 
ties of individual phases and the total composite prop- 45 developed to gain information about the internal struc- 
erty is important in systematic design work using com- tore of mixtures and composite materials, including the 
posite materials. One of the attractive features of com- destructive techniques described above. However, all 
posite materials is that they may be tailored to exhibit suffer from the shortcoming that quick, accurate, and 
specific required properties by varying the fractions and inexpensive measurements of the phase fractions of 
arrangement of the phases. The relationship between 50 working specimens cannot be made in a nondestructive 
the properties of individual phases and the total com- fashion. Accordingly, there exists a need for a new 
posite property has been the focus of much scientific . technique for measuring the weight or volume fractions 
and engineering attention. 0 f the phases of a mixture, such as composite materials 

Once a composite material has been designed to have and the many other types of mixtures whose structures 
a particular combination of properties, it must be manu- 55 must be understood and characterized. The present 
factured to the design specifications and inspected to be invention fulfills this need, and further provides" related 
certain that the manufacturing process actually resulted advantages, 
in the desired material. After manufacture and during 

service, the composite material must be inspected peri- SUMMARY OF THE INVENTION 

odically to ensure that its properties have not changed 60 The present invention provides a process for deter- 
during use. For example, absorption of moisture by the mining the weight or volume fractions of the phases in 
nonmetallic matrix, due to environmental exposure, can a working specimen mixture, such as a complete mate- 
seriously degrade the composite properties. In both rial, in a rapid, nondestructive manner. The approach 
types of inspection procedures, measurement of the utilizes actual calibration data gained from measure- 
weight fractions of the phases is necessary because the 65 ments of mixtures of the same type as the working speci- 
properties of the composite material depend directly men, to maximize the accuracy of the measurements 
upon the weight or volume fractions of the phases, in and to minimize the errors that might result from a 
the manner previously discussed. purely theoretical treatment wherein there could be a 
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deviation from theory for particular specimens. The 
method is generally applicable to mixtures and compos- 
ites of an arbitrary number of phases, with those mix- 
tures having more phases requiring that more informa- 
tion be known or gained from measurements of calibra- 5 
tion specimens. The approach is readily applied both to 
repetitive nondestructive measurements of large num- 
bers of specimens in a factory fabrication inspection 
procedure, and also to field measurements of working 
specimens in service or mixtures found in the field. 10 

In accordance with the invention, a process for per- 
forming a nondestructive determination of the weight 
fractions of the phases present in a working specimen of 
a mixture, comprises the steps of selecting a series of 
nondestructively measurable properties of the phases of 15 
the mixture, each of which properties vary with the 
weight fractions of the individual phases in a known 
way and are summed over the phases to define a total 
mixture value for that property, thereby forming a sys- 
tem of simultaneous equations for the mixture proper- 20 
ties as a function of the sum of products of a coefficient 
of variation times the weight fraction of each phase; 
measuring each of the measurable mixture properties on 
a sufficient number of calibration specimens having 
different weight fractions of the phases, and then de- 25 
structively determining the weight fractions of the pha- 
ses for the calibration specimens, thereby determining 
the coefficients of variation of the system of equations; 
and nondestructively measuring each of the measurable 
mixture properties on the working specimen of un- 30 
known weight fractions, and solving the system of 
equations for the weight fractions of the phases present 
in the working specimen. Equivalently, the same proce- 
dure may be performed using volume fractions rather 
than weight fractions, if that approach is more conve- 35 
nient in the circumstances, because the weight fractions 
are related to the volume fractions in a known, single- 
valued way through the densities of the phases and the 
composite material. 

As used herein, a mixture is a heterogeneous mechan- 40 
ical blend of two or more phases which retain their 
physical identities in the mixture. In such a mixture, the 
phases are identifiable on a macro scale. In a mixture, as 
that term is used here, there may or may not be bonding 
between the phases. Where bonding occurs, the mixture 45 
is termed a composite material. While under some defi- 
nitions of the term "mixture" a composite material 
would not be a mixture because the phases are bonded, 
it is intended that the term not be so narrowly inter- 
preted here. As used herein, a composite material is one 50 
type of mixture. 

Scientific studies have been performed to determine 
that certain measurable, single valued properties of a 
mixture such as a composite material can be described ' 
as a sum over all the phases, of a coefficient of variation 55 
of the property for each phase times the volume fraction 
of the phase in the mixture. Sometimes the coefficient of 
variation is simply the property in question in the phase, 
when measured apart from the composite. In other 
cases, however, the variation is more complex, either 60 
functionally or because the property of a phase differs 
when it is incorporated into the mixture or composite 
material (its **in-situ" behavior), as compared with its 
behavior apart from the composite material (its "bulk" 
behavior). 65 

It will be appreciated that for some mixtures the 
properties of some phases will be known from prior 
experience, because the in-situ property is the same as 
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its bulk property, and because the functional variation is 
known from prior studies. Hie in-situ properties of 
other phases may not be known, because the in-situ 
behavior is different from the bulk behavior. As an 
example, in a two-phase composite of carbon fiber rein- 
forcements in a resin matrix, the elastic properties of the 
fiber reinforcements in-situ are essentially the same as 
those of the carbon fibers in bulk. The contribution of 
the elastic properties of the resin matrix to composite 
elastic properties is less predictable, since the contribu- 
tion is influenced by processing parameters, environ- 
ment, and chemical composition. In performing the 
process of the invention, it is therefore usually accept- 
able and convenient, but not necessary, to use the previ- 
ously known fiber reinforcement properties and func- 
tional variation, but it may be necessary to determine 
the in situ resin matrix properties from the calibration 
specimen. In the general case, the more properties that 
are known from prior experience to be predictable 
within the composite material, the fewer actual mea- 
surements that must be performed on calibration speci- 
mens to determine the remaining variation. 

The coefficients of variation that must be determined 
from measurements of calibration specimens are deter- 
mined by measuring the mixture properties of interest 
for the calibration specimens, using specimens that are 
expendable and may be destroyed. Only a few such 
specimens are required to obtain calibration data en- 
abling nondestructive testing of thousands of working 
specimens. The fractions of the phases are measured by | 
destroying each of the calibration specimens by section- 
ing, chemical attack, thermal attack, or the like, and 
directly measuring the weight or volume fractions. In 
combination, the coefficients of variation known from 
prior experience, the measured mixture properties for 
the calibration specimens, and the measured phase frac- 
tions for the calibration specimens, permit the calcula- 
tion of all of the coefficients of variation for the measur- 
able properties of interest. * 

The number of calibration specimens that must be 
measured depends upon the extent of prior knowledge 
of the coefficients of variation of the j properties of 
interest. Generally, for a mixture with n phases, nonde- 
structive calibration measurements of j properties each 
are performed on a series of n calibration specimens, 
and n destructive measurements of the weight fractions 
of the phases are performed on those calibration speci- 
mens. When j is equal to n, the system is determined, 
and when j is greater than n, the system is overdeter- 
mined. The system must be determined or overdeter- 
mined to permit the coefficients to be calculated, or 
otherwise additional information is required. When the 
system is overdetermined, the solutions appear in a least 
squares sense. 

However, the number of required measurements of 
calibration specimens may be reduced if there is prior 
information about the coefficients. If r is the number of 
properties whose coefficients of variation are known for 
all of the n phases of the mixture, then only (n— r) cali- 
bration specimens must be measured to permit calcula- 
tion of the remaining coefficients of variation. 

It will be appreciated that the number of calibration 
specimens referred to herein as being required is a mini- 
mum value. Typically, more calibration specimens will 
be measured for statistical certainty and to reduce varia- 
tions introduced through random variation or through 
measurement error. 
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Once the coefficients of variation are known, the 
fractions of the phases for a working specimen are de- 
termined by measuring the values of the properties of 
interest for that specimen, and solving the simultaneous 
equations for the unknown phase fractions. 5 

J It is not necessary to destroy the working specimen, 
as the measurable properties are selected to be measur- 
able without damaging the working specimen. The 
difference between the calibration specimens and the 
working specimens must be kept in mind. The calibra- 10 
tion specimens are a few specimens of the same type as 
the working specimen, but which are expendable. It is 
not necessary to destroy the calibration specimens to be 
able to measure the measurable properties, as these 
properties are selected because they can be measured 15 
nondestructively on the working specimens. The cali- 
bration specimens are destroyed only to measure the 
fractions of the phases to solve for the unknown coeffi- 
cients of variation. Once these coefficients are known 
for that type of mixture, then it is not necessary to de- 20 
stroy the working specimen when the measurable prop- 
erties are determined, assuming that the coefficients of 
variation as measured for the calibration specimens do 
not vary when measured for the working specimens. 

' This validity of this assumption of unchanging coeffi- 25 
cients of variation can be ensured by selecting proper- 
ties where the coefficients do not have strong variation 
with phase fractions, and by selecting calibration speci- 
mens that are generally within the range of expected 
property variations for the working specimens. The 30 
selection of calibration specimens with phase fractions 
close to those of the working specimens is usually not 
difficult, as in most cases the composite materials are 
manufactured to a standard, and there are usually rela- 
tively minor deviations from the standard. The calibra- 35 
tion specimens are selected from the usual range of 
deviations, and the calculated coefficients of variation 
therefore reflect the normal range of deivation from the 
standard. 

The values of the coefficients of variation, once de- 40 
termined from the measurements of the calibration 
specimens, can be repeatedly used in measurements of 
the fractions of the phases in an indefinitely large num- 
ber of working specimens. In one approach, the coeffi- 
cients of variation are carefully determined in a con- 45 
trolled environment for the calibration specimens of the 
mixture of interest A number of calibration specimens 
may be studies to determine the coefficients in a least 
squares sense, minimixing error that may arise because 
of experimental error and statistical variation. The 50 
equations describing the variation of mixture properties, 
with the determined coefficients of variation, are pro- 
grammed into a microcomputer. The measurements of 
the phase fractions of a series of working specimens are 
then performed automatically or semi-automatically by 55 
tests selected for adaptation to this automated approach. 
Calculations of the phase fractions for each working 
specimen are made of supplying the working specimen 
test data to the microcomputer, wherein the calcula- 
tions of the phase fractions are performed no more than 60 
a few seconds after completion of the measurements. 

The present approach is further illustrated by an 
exemplary embodiment involving the determination of 
the fractions of the phases in a composite material hav- 
ing a fiber of known properties and coefficient of varia- 65 
tion, a matrix whose coefficient of variation may vary 
when the matrix is incorporated into the composite 
material, and wherein volume is conserved. Such a 



situation may arise in practice because the elastic prop- 
erties of the fiber do not change when the fiber is incor- 
porated into the matrix, but the elastic properties of the 
matrix may vary due to a stress state, uneven curing, 
unexpected chemical reactions, or the like. In such an 
approach, a process for performing a nondestructive 
determination of the weight fractions of the phases of a 
composite material working specimen having as phases 
an elastic fiber and a resin matrix, wherein the slowness 
of an ultrasonic wave propagated through the fiber is 
known, and wherein the in-situ slowness of an ultra- 
sonic wave propagated through the matrix may differ 
from that measured when the matrix material is not 
incorporated into the working specimen, comprises the 
steps of determining the in-situ slowness of an ultrasonic 
wave propagating through the matrix, by the steps of 
measuring the slowness of an ultrasonic wave in a com- 
posite calibration specimen, destructively determining 
the volume fractions of the fiber and matrix for the 
calibration specimen, and calculating the in-situ slow- 
ness of an ultrasonic wave in the matrix as the recipro- 
cal of the volume fraction of the matrix, times the differ- 
ence between the slowness of an ultrasonic wave in the 
working specimen less the product of the slowness of an 
ultrasonic wave in the fiber times the volume fraction of 
the fiber, all determined for the calibration specimen; 
measuring the slowness of an ultrasonic wave in the 
working specimen, which is not destroyed in the mea- 
surement; and calculating the volume fraction of the 
matrix in the working specimen as the slowness of the 
ultrasonic wave in the working specimen, less the 
known slowness of the ultrasonic wave in the fiber, 
divided by the difference between the slowness of the 
ultrasonic wave in the matrix, as determined from the 
calibration specimen, less the known slowness of the 
ultrasonic wave in the fiber. 

Variations of this embodiment are used when the 
coefficients of variation of both the matrix and the fibers 
are known, and where both are unknown. In the first 
case, where both coefficients of variation are known 
from prior experience, no measurements of any calibra- 
tion specimens are required. The volume fraction of the 
matrix is determined by a single measurement of the 
ultrasonic slowness of the working specimen. In the 
second case, where neither coefficient of variation is 
known, two calibration specimens of differing phase 
fractions must be measured to determine the coefficients 
of variation, and these values are then used in conjunc- 
tion with measurements of the working specimens. 

The measurements of composite properties of both 
the calibration and working specimens are preferably 
made by an ultrasonic technique, which is readily 
adapted to rapid, automated, nondestructive testing of 
numbers of specimens. The ultrasonic test measures 
"slowness" of an ultrasonic wave in the specimens, 
which is the reciprocl of velocity. It has been estab- 
lished that the composite slowness is the sum of the 
slowness in each phase times the volume fraction of the 
phase, and is not affected significantly by the degree of 
bonding at interfaces between the phases. 
• In many composite materials, the fiber reinforcement 
phase is elastic, and its slowness ordinarily does not 
vary due to the incorporation of the fiber into the com- 
posite material. That is, the slowness of the ultrasonic 
wave in the in-situ fiber reinforcement is the same as in 
the bulk fiber. Available known data for the slowness in 
the bulk fiber is therefore used in the calculation. 
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On the other hand, the slowness of the ultrasonic mixture depend upon the nature and volume fraction of 

wave in the resin matrix may or may not be not the same the phases making up the mixture. In general terms, 
as in the bulk matrix. If it is known to be the same, then 

no measurements of calibration specimens are required. C m = ami (Qx Mfd), 

If it is known not to be the same, or if there is doubt, 5 . _ . . . . . .... 

then measurements of a calibration specimen are used to where C m is the mixture property of interest, fu indi- 

determine the coefficient of variation of slowness in the C8tts 8 8 eneral Pactional variation, P is the volume 

gjgtri, fraction of a phase expressed in the appropriate physical 

The process of the preferred approach can be accom- terms - c ' » ^ coefficient of variation, and the summa- 
plished using automated test apparatus for sequentially 10 tion is made over the n total phases of the mixture. Even 

testing series of.worlring specimens, once the calibration tf coefficients of variations C, are known, a single 

tests have been performed. As an example, the process meaurement of a composite property » not sufficient to 

can be arranged to test large numbers of prepreg sped- calculate the unknown phase fractions P. for n greater 

mens for volume fraction as the prepreg is manufac- 1 „ mntv - ., ... , , 

tured. Each test is performed in a time of on the order 15 However, if a series of j equations of the above gen- 

of 1 second, and a running record and fabrication evalu- end form is wntten for j measurable properties or char- 

ation can be maintained. That is, the fraction of the f^tics of the mixture, then it is possible to determine 

phases can be evaluated nearly continuously just after * he ^ fract ? ons * bv fmdm 8 the f of $ 

die product is manufactured, and manufacturing pro- , n f rom known mformauon or from measurements ofcali- 

cess adjustments can be made to correct deviations 20 brat,on s P eclme ? s > 811(1 then ^asurmg the j propert.es 

discovered by the preferred process. This type of feed- for 8 wortan 8 s P ecmen: 
back control has not heretofore been possible. 

The present process finds immediate application in C\ m o snm<Ci/ x /«</*/)) 
evaluation of composite materials, an important class of 2J c ^ = 5Uin(Cj/ x j^ P ^ 
mixtures. However, the process also finds important 
applications in other areas where mixtures must be eval- 
uated, such as blending control of aggregates used in c fi» ° sum < c ;' x -WD) 
concrete manufacture, determination of the amount of 

reinforcement wire in automobile tires, determination w The value of j must be at least as great as n for a solution 

of inineral fractions in ores, and the like, to name a few. of the equations. If j is equal to n, the system of equa- 

The process in its general form is highly flexible and is said to be determined. If j is greater than n, the 

adaptable to measuring many different types of materi- 8VStem o f equations is said to be overdetermined, there 

als. Ultrasonic measurements are only one technique is redundance in the solution, and a solution in a least 

that may be used in the evaluations. Light, electrical, „ squares sense is possible. If j is less than n, more infor- 

magnetic, electromagnetic, and other forms of waves ma II on » required to reach a unique solution, 

and radiation may likewise be used as properties to ^ above of equations is sufficient for a solution, 

determine the weight and volume fractions of the pha- * ut ix » Arable that for simplicity in solution the equa- 

ses, once the functional dependence of the composite uons * bnear m P ' *° thaX 

property on phase fraction is known. 40 fu(p>=p 

It will now be appreciated that the present invention = '* 
provides an important advance in the field of nonde- R b ^ desirable that ^ properties P be readily deter- 
structive testing of mixtures mcludmg composite mate- m mcasuremcnts of specimens, and not be af- 
nals, Once the functional dependence of a particular fected signiflcantly by interfaces within the mixture, 
property with phase fraction is known the coefficients 45 inasmuch!* the present invention is used to determine 
of vanationcan be detenrnned from either known infor- volume fractions> not ^adal characteristics, 
mation or by testing a sufficient number of calibration In ^tion to mcasurable properties, according to the 
specimens. With proper selection of the properties to be prmciple 0 f conservation of mass, the sum of the weight 
measured, the process is readily adapted to automated fractions is unity: 
testing of working specimens. Other features and ad* so 
vantages of the invention will be apparent from the im$mn(p/,w) 
following more detailed description, taken in conjunc- 
tion with the accompanying drawings, which descrip- where w denotes a weight fraction, 
tion illustrates, by way of example, the principles of the The coefficients of variation Q are determined in one 
invention. 55 of two ways. For some phases, Q for the in-situ phase is 

BRIEF DESCRIPTION OF THE DRAWINGS th f same " mca ^ rcd . m ^ 

selection of measurable properties is made with this 

FIG. 1 is a process flow chart for a preferred embodi- consideration in mind. This is the case for most hard, 
ment of the invention; and strong, elastic fiber reinforcement materials used in 

FIG. 2 is a side sectional view of an apparatus for 60 composite materials. If the in-situ values of C, are the 
practicing the invention. same as the bulk properties for all of the properties 

DETAILED DESCRIPTION OF THE K^^hS^ ^ 

PREFERRED EMBODIMENT 18 1° nccd t0 d u ° tcstm « °/ c ^ bra * on specimens. 

riM-rciu^iy ^1^1^11 For many phases of interest and measurable proper- 

The preferred embodiment is one case of the more 65 ties, however, the value of C/is not necessarily identical 

general approach of the invention, and it is helpful to to the comparable bulk property. One important practi- 

outline the general approach before proceeding to the cal example is the resin matrix of a fiber reinfor- 

preferred embodiment Many physical properties of a cement/resin matrix composite material. The resin ma- 
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trix may absorb moisture or be in an unknown state of The leftmost matrix, a 4x4 matrix termed g, contains 
cure when present as the matrix of the composite, and in the coefficients of variation for the 4X 1 volume frac- 
certain cases it is not possible to assume that the in-situ tion vector, termed M. The 4X 1 composite properties 
property is identical to the comparable bulk property. vector, d, is the rightmost matrix of the equation, Be- 
In such cases, the coefficient of variation for the 5 cause the coefficients of variation for one property, 
property is determined by measuring a number of cali- volume fraction, are known from the assumption of 
bration specimens sufficient for the detennination. conservation of volume, there remain three properties 
Where there are n phases whose phase fractions are whose coefficients of variation are not known. There- 
even tually to be determined and r of the properties are fore, the S, A, and D properties must be measured non- 
such that all of the coefficients of variation of the phases 1° destructively for three calibration specimens, and the V 
are previously known or can be determined from the values measured destructively for each of those speci- 
bulk data, then the number of calibration specimens that mens. The slowness properties S and the ultrasonic 
must be tested to determine the remaining coefficients attenuation properties A are measured by ultrasonic 
of variations is (n— r). Each of the properties of interest wave propagation, and the density property D is mea- 
for each of the calibration specimens is measured. The 15 sured by a liquid displacement technique, or by a more 
phase fraction of each of the phases of each of the cali- sophisticated technique such as gamma ray or beta ray 
bration specimens is measured, typically by destruc- emission. The equation, can then by solved for all the 
tively sectioning or removing portions of the calibration remaining terms of g. 

specimens. Oace % ™ known, nondestructive measurements of 

With this Information derived from the calibration 20 the components of the d vector on a working specimen 

specimens, namely all of the composite properties, all of permits the equation to be solved for the M vector for 

the phase fractions, and all of the known coefficients of & Q working specimen, by a direct matrix transforma- 

variation, the above equations can be solved for the uon: 
remaining unknown coefficients of variation. Where the 25 M _ r r -i r 
equations are linear, the solution is readily accom- ~^ ^ 8 *** 

pushed by matrix techniques. A system of linear equa- . _ r . . P .... 

tions is preferred, and the properties to be measured are This ^tm transformation B a general form applicable 

chosen with this consideration^ mind. However, when *° a . iet ^f " °v™toeniiined system, wh,ch can 
this is not possible, nonlinear properties and equations 3Q simplified, for the usual case of a square nXnmatnx, 

may be used and the system of equations is solved with ° 
greater difficulty. M«g- l d 

Once all of the coefficients of variation Qare known, 
including those which vary in an in-situ manner, the In the pre8e ntly preferred embodiment of the inven- 

frac&ons of the phases of working specimens may be 35 xiQUj ^ volume fractions of a working specimen of a 

determined by measuring composite properties of the two-phase composite material, having an elastic fiber 

working specimens, and without destroying the work- reinforcement phase f and a resin matrix phase m, are 

ing specimens. Each of the measurable composite prop- evaluated. The determinations are based upon two ex- 

erties is measured, and the equations (whose coefficients perimenta i observations for such materials: that the sum 

of variation were previously supplied or determined) ^ 0 f the volume fractions of the phases is unity (i.e„ con- 

are solved for volume or weight fractions of the phases. ser vation of volume), and that the sum of the ultrasonic 

Once either the volume or weight fractions are known, slowness of ^ fiber (s ^ times ^ volume fraction of 

the other can be calculated, according to the equation: flber ^ plus the ultrasonic slowness of the matrix (S m ) 

P =P JDr/D) times the volume fraction of the matrix (P m ) being the 

45 ultrasonic slowness of the composite material (S c ). The 

wherein P is the fraction of the phase, D is density, i is sl °T*? f " f r ** nic wave £ *f * ind * 

the ith phase, v is by volume, w is by weight, £d c P^t o^ or at mcjst very weaUy dependent upon the 

refers to the composite. iiature of fte mterfat^ m die composite material. Slow- 

r i • • * i *i. r ness can be readily measured m a nondestructive man- 

„ £23KS£ t ^ T** f ' • Pr „T °i 50 on working specimens. These measurements may be 

?,«™TJ ZTZZL h f P haSe3 f 1S d 1 etermm ^ performed by apparatus that operates in an automated 

from the assumption of conservation of volume, and manner 

measurements of ultrasonic slowness S, which is the n,™ *v,™ ^ . . . . . o K 

reciprocal of velocity of an ultrasonic wave, ultrasonic t y^"^^^^^^^^ 
a . ■ /■ Al _ , ^ f . A . - tnis approach to the testing of actual composite mea- 

* £^ 55 suremcL.Inthefi^^^ 

ultrasomc wave, the density D, using the following of s d s for ^ ^ ^ 

hnear eq^tion^ pressed m matrix form. Such a situa- ties ^ measurements of bulk properties. This case is 

tion of the need to determine four phases can anse be- found for a numbcr of practical ^po^ matcria ls of 

cause the composite includes a matrix, a fiber, a mots- mterest No measurements of caUbration specimens are 

ture phase, and a paper separation material. ^ requiredf md ^ volume fracUons of ^ £ hageg of ^ 

working specimen can be determined from a single 
measurement of the composite slowness of that speci- 
men. 

In the second case, the in situ properties of one phase 
65 (specifically, the matrix) are different from the bulk 
properties, and measurements of a calibration specimen 
are required. This case may arise because the matrix 
cures unevenly due to the proximity of the fibers, for 
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example. The determination required for this second 
case are illustrated in FIG. 1. The slowness of the ultra- 
sonic wave in the fiber depends upon the elastic modu- 
lus and the density of the fiber, both of which do not 
change when the fiber is incorporated into the matrix, 5 
The in situ coefficient of variation of fiber slowness is 
therefore equal to the bulk slowness, which is often 
readily available for a particular fiber choice. Only one 
coefficient of variation, matrix slowness, must therefore 
be determined from measurements of a calibration spec- io 
imen. The matrix slowness is determined by measuring 
the composite slowness of a calibration specimen. Pref- 
erably, the calibration specimen is chosen so that the 
volume fraction of the phases therein is about that of the 
working specimen to be subsequently measured, so that 15 
the stress and cure states of the two specimens are about 
the same. The calibration specimen is then sectioned 
and examined microscopically to determine the volume 
fractions of the phases. Alternatively, the matrix of the 
calibration specimen may be dissolved away, and the 20 
remaining fiber reinforcement material weighed and 
converted mathematically to a volume fraction of rein- 
forcement The volume fraction of matrix is unity minus 
the fiber volume fraction (assuming that volume is con- 
served). The coefficient of variation of the ultrasonic „ 
wave in the matrix is the reciprocal of the volume frac- 
tion of the matrix, times the difference between the 
slowness of the ultrasonic wave in the working speci- 
men, less the product of the slowness of the ultrasonic 
wave in the fiber times the volume fraction of the fiber. 
With this calculation complete, all of the coefficients of 
variation are known. 

Next, the slowness of the ultrasonic wave in the 
working specimen of the composite material is mea- 
sured. Only a single measurement on the working speci- 
men is required, and the working specimen is not de- 35 
stroyed or otherwise physically altered. The ultrasonic 
measurement requires on the order of about one second 
to perform, using apparatus to be described subse- 
quently. The volume fraction of the matrix is then cal- 
culated as the measured slowness of the ultrasonic wave 40 
in the working specimen, less the known slowness of the 
ultrasonic wave in the fiber, this difference being di- 
vided by the difference between the slowness of the 
ultrasonic wave in the matrix, as determined from the 
calibration specimen, less the known slowness of the * 5 
ultrasonic wave in the fiber reinforcement. The volume 
fraction of fiber reinforcement is unity minus the vol- 
ume fraction of the matrix. 

In the third case, neither the fiber nor the matrix 
coefficient of variation of slowness is known. Measure- 50 
ments of ultrasonic slowness must be performed on two 
calibration specimens, and those calibration specimens 
must be sectioned or must have the matrix removed to 
determine the phase fractions. Once this information is 
determined, the coefficients of variation for the calibra- 55 
tion specimens 1 and 2 are found by solving the equa- 
tion: 



60 



(To have a meaningful solution, the phase fractions of 
the two calibration specimens should be sufficiently 
different. Alternatively stated, the product of P m ,i times 65 
P/2 should be different from the product of P m ,2 times 
P/,1.) By solving this equation for the coefficients of 
variation S m and S/, and then using these coefficients in 



conjunction with the measurement of composite slow- 
ness for a working specimen in the manner previously 
described, the volume fraction values of P m and P/for 
the working specimen are determined. 

In this two-phase system, under the assumption that 
the volume fractions of the phases add to unity, only a 
single type of measurement is required for the determi- 
nation of volume fraction of the phases. Ultrasonic 
slowness has been chosen as the preferred quantity to be 
determined, as it is defined by a linear function, is not 
affected significantly by interface characteristics, and 
can be measured quickly arid accurately for both work- 
ing specimens and calibration specimens. 

If the assumption of conservation of volume is not 
applicable, then two types of measurements would be 
required. For example, any two of ultrasonic slowness, 
ultrasonic attenuation, and density could be used as the 
basis for the determination of the phase fractions. Other 
composite properties such as optical electrical, mag- 
netic, electromagnetic, or the like could also serve as 
the basis for this determination. 

Returning to the preferred embodiment wherein vol- 
ume is conserved and a measurement of slowness is 
used. FIG. 2 illustrates an apparatus 10 for measuring 
composite slowness of specimens 12. The specimen 12 is 
contacted on one surface by a transmitter transducer 14, 
which transmits into the specimen 12 pulsed ultrasonic 
signals of proper frequency, such as from about 10 5 to 
about 10 7 Hertz. A receiver transducer 16 contacts the 
other side of the specimen 12 in a facing relation to the 
transmitter transducer 14, and receives the transmitted 
ultrasonic wave. A pulse generator 18 sends a pulsing 
signal to the transmitter transducer 14, and receives the 
transmitted signal from the receiver transducer 16. The 
waveform is digitized in a digitizer 21. The thickness or 
sonic path of the specimen is measured by a thickness 
gauge 20, and the thickness is provided to a minicom- 
puter 22, along with the waveform and transit time from 
the digitizer 21. The slowness is the transit time divided 
by the thickness. This apparatus can be provided with a 
mechanism 24 upon which the transducers 14 and 16 are 
mounted, and a mechanism 25 upon which the thickness 
gauge 20 is mounted. The mechanisms 24 and 25 can 
open to permit a specimen 12 to be placed therein, 
closed for a measurement, and then open to allow ex- 
traction of the specimen 12 and insertion of a new speci- 
men. The mechanisms 24 and 25 can be made to operate 
very rapidly, so that measurements of a series of work- 
ing specimens can be accomplished rapidly, with each 
measurement requiring less than one second using auto- 
mated apparatus. 

The highly automated apparatus just described is 
particularly useful in performing production line mea- 
surements of composite materials as they are fabricated. 
For example, graphite fiber/resin matrix composites are 
typically fabricated as thin sheets of "prepreg", which is 
a loosely bound, uncured sheet about 0.004-0.008 inches 
thick and containing the fiber reinforcement and the 
matrix material, the matrix being in the uncured state. It 
is important to determine the weight fractions of the 
phases during production of the prepreg, since the pre- 
preg is sold to a specification requiring particular 
weight fractions of the phases. In the art, the usual 
method of measuring the weight fractions of the phases 
on the production line has been to select working speci- 
mens on a periodic basis for destructive testing for 
weight fraction. The specimens were taken to a iabora- 
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tory, where the matrix was dissolved away and the 
remaining fiber material weighed and converted to a 
volume fraction through calibration tables. Each such 
test costs about $40-5150 to perform, and requires about 
4-3 hours to perform. The high cost reduces the number 5 
of specimens measured, and the time delay does not 
permit real time control of the fabrication process. The 
present inventon, on the other hand, yields a weight 
fraction determination in only a few seconds, at a cost of 
less than $1 per test Many tests can be performed and 10 
trends observed If a trend from the desired weight 
fractions is observed, the manufacturing process can be 
adjusted accordingly. 

The present approach can, of course, also be used on 
finished composites, before they are joined into struc- 15 
tares, as a quality control check after the structure has 
been joined together, and even after the structure has 
been in service, as a check for deterioration. In the latter 
application, it is not uncommon for one phase, particu- 
larly the resin matrix, to absorb moisture during service. 20 
The absorbed moisture causes deterioriation of compos- 
ite properties. The present approach permits inspection 
of the weight fractions of the phases of a part in service. 
Such inspection is sufficiently accurate to identify the 
change in weight fraction of a phase due to absorbed 23 
moisture, and even the appearance of a new phase, 
containing bubbles of moisture. 

The following example is presented to illustrate as- 
pects of the invention, and should not be taken as limit- 
ing the scope of the invention in any way. 30 

EXAMPLE 

A commercial sheet of prepreg was obtained from the 
manufacturer. The sheet was composed of graphite 
fibers in an epoxy matrix, and had dimensions of about 35 
12 inches by 12 inches by 0.005 inches thick. The sheet 
was cut into pieces 4 inches by 4 inches, and each of 
these pieces was cut into specimens 2 inches by 2 inches. 
The 2 inch by 2 inch samples from a 4 inch by 4 inch 
piece were stacked and evaluated by the process of the 40 
invention. They were then evaluated by the conven- 
tional procedure of dissolving the matrix and weighing 
the reniaining fibers. Four such comparative tests were 
made, and the resin contents by weight of the samples 
are summarized in the following table: 



45 





% Resin, 


% Resin, 


Sample No. 


Invention 


Conventional 


1 


46.6 


45.6 


2 


44.0 


44.9 


3 


30.5 


50.7 


4 


42.3 


43.3 



50 



The resin contents as determined by the two approaches 55 
are reasonably consistent, with at most 1% difference 
between the two measurements. It is also apparent that 
the resin contents between areas of the piece of prepreg 
vary by several percent, even as measured by either of 
the two techniques. Consequently, it cannot be con- 60 
eluded that either of the techniques gives more accurate 
or more dependable result than the other. The prior art 
process has a number of sources of error, and the ap- 
proach of the present invention may in fact be more 
accurate. However, the approach of the invention defi- 65 
nitely yields the results more quickly and inexpensively 
than the conventional approach, and detects the varia- 
tions between areas of several percent. 



It will now be appreciated that the approach of the 
present invention can be used to determine volume 
fractions of multi-phase systems quickly and accurately. 
Calibration data is first obtained on a limited number of 
calibration specimens, and then this data is used in con- 
junction with test data to determine volume or weight 
fractions of the phases in working specimens. Although 
a particular embodiment of the invention has been de- 
scribed in detail for purposes of illustration, various 
modifications may be made without departing from the 
spirit and scope of the invention. Accordingly, the in- 
vention is not to be limited except as by the appended 
claims. 

What is claimed is: 

1. A process for performing a nondestructive deter- 
mination of a working specimen of a mixture having at 
least two phases, each phase being present in a fraction 
of the total of the specimen, comprising the steps of: 

selecting a series of nondestructively measurable 
properties of the phases of the mixture, each of 
which properties varies with the fraction of the 
phase in a known way and is summed over the 
phases to define a total mixture value for that prop- 
erty, thereby forming a system of simultaneous 
equations for the mixture properties as a function of 
a sum of products of a coefficient of variation times 
the fraction of each phase; 

measuring each of the measurable mixture properties 
on a sufficient number of calibration specimens 
having different fractions of the phases, and then 
destructively determining the fractions of the pha- 
ses for the calibration specimens, thereby determin- 
ing the coefficients of variation of the system of 
equations; and 

nondestructively measuring each of the measurable 
mixture properties on the working specimen of 
unknown phase fractions, and solving the system of 
equations for the fractions of the phases present in 
the working specimen. 

2. The process of claim 1, wherein at least some of the 
measurable properties are measured by ultrasonic mea- 
surements. 

3. The process of claim 1, wherein at least some of the 
measurable properties are measured electrically. 

4. The process of claim 1, wherein at least some of the 
measurable properties are measured by mass measure- 
ment. 

5. The process of claim 1, wherein at least some of the 
measurable properties are measured thermally. 

6. The process of claim 1, wherein the mixture is a 
bonded composite material. 

7. The process of claim 1, wherein at least one phase 
is an elastic fiber. 

8. The process of claim 1, wherein at least one phase 
is a nonmetallic matrix. 

9. The process of claim 1, wherein the fractions of the 
phases are expressed as weight fractions. 

10. The process of claim 1, wherein the fractions of 
the phases are expressed as volume fractions. 

11. A process for analyzing a composite material 
working specimen of a composite material system hav- 
ing a reinforcement phase embedded in a matrix phase, 
the composite material system being characterized by a 
linear relationship between ultrasonic slowness, a fiber 
fraction defining the amount of reinforcement phase 
present, and a matrix fraction defining the amount of 
matrix phase present, comprising the steps of: 
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providing an ultrasonic measurement apparatus hay- 
ing an ultrasonic transmitting transducer, an ultra- 
sonic receiving transducer, and a thickness gauge; 

characterizing the composite material system, by the 5 
steps of 

measuring the slowness of an ultrasonic wave in at 
least one calibration specimen of the composite 
materia] system, using the ultrasonic measure 
ment apparatus, 

destructively measuring the reinforcement fraction 
and the matrix fraction for each calibration spec- 
imen, and 

determining the linear relationship of the compos- 13 
ite material system from the measured reinforce- 
ment fraction, the measured matrix fraction, and 
the measured slowness, of the calibration speci- 
men; 20 
measuring the ultrasonic slowness of the working 
specimen using an ultrasonic measurement appara- 
tus; and determining the reinforcement fraction 
and the matrix fraction in the working specimen 25 
from the measured slowness of the working speci- 
men and the linear relation of the composite mate- 
rial system determined from the measurements of 
the calibration specimen. 3Q 
12. The process of claim 11, wherein at least two 
calibration specimens are measured in the step of char- 
acterizing. 



13. The process of claim 11, wherein the reinforce- 
ment fraction and the matrix fraction are expressed as 
weight fractions, 

14. The process of claim 11, wherein the reinforce- 
ment fraction and the matrix fraction are expressed as 
volume fractions. 

15. A process for analyzing a composite material 
working specimen of a composite material system hav- 
ing at least two phases, comprising the steps of: 

providing an ultrasonic measurement apparatus; 
characterizing the composite material system, by the 
steps of 

measuring a characteristic of an ultrasonic wave in 
at least one calibration specimen of the compos- 
ite material system, using the ultrasonic measure- 
ment apparatus, 
destructively measuring the amounts of each phase 

present for the calibration specimen, and 
correlating the amount of each phase present with 
the ultrasonic characteristic, for the calibration 
specimen, to provide a calibration base; 
measuring the ultrasonic characteristic of the work- 
ing specimen using the ultrasonic measurement 
apparatus; and 
determining the amounts of each phase present from 
the calibration base and the measurement of the 
ultrasonic characteristic in the working specimen. 

16. The process of claim 15, wherein the ultrasonic 
characteristic is slowness. 

17. The process of claim 15, wherein a plurality of 
calibration specimens are tested in the step of character- 
izing. 

♦ * * * * 
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